The antimicrobial activity of the azole fungicides cyproconazole and propiconazole as single active ingredients and in mixtures with the ATP-Binding Cassette (ABC) transporter modulators rhodamine 6G, quercetin, quinidine, and verapamil and the strobilurin kresoxim-methyl was assessed against the wheat pathogen Mycosphaerella graminicola. Interactions amongst these compounds were evaluated on germination and germ tube growth of pycnidiospores using the Colby and Wadley method. Water agar proved to be the best test medium since all pycnidiospores germinated within 24 h of incubation and apical germ tube growth dominated over bud formation by intermediate cells. Analysis with the Colby method revealed that interactions between the compounds in all mixtures tested on germination of pycnidiospores were additive. With regard to germ tube growth, mixtures of cyproconazole and verapamil or kresoxim-methyl displayed a synergistic interaction. Analysis of mixtures of cyproconazole and kresoximmethyl with the Wadley method revealed that the interaction between the two compounds was purely additive. These results indicate that the Colby method overestimated the interaction between these two compounds in a mixture.
Introduction
The fungus Mycosphaerella graminicola (Fu¨ckel) Schroeter (anamorph state: Septoria tritici Rob.ex.Desm.) is the causal agent of septoria tritici leaf blotch of wheat, one of the most economically important diseases of wheat. Typical symptoms of the disease are irregular chlorotic lesions on infected leaves, that under favourable conditions develop to necrotic spots covered with dark brown to black pycnidia or pseudothecia of the fungus (Eyal et al., 1987) .
The economic importance of this disease has dramatically increased over the past few decades. Yield losses from this pathogen may amount up to 30-50% in areas without disease control. Disease control has widely involved the use of azole fungicides such as prochloraz, propiconazole and cyproconazole. The mode of action of these fungicides is based on inhibition of cytochrome P450 sterol 14a-demethylase (P450 14DM ), a key enzyme of the sterol biosynthetic pathway (Sisler et al., 1984) . Although the risk of resistance development against these compounds has been classified as moderate (Brent and Hollomon, 1998) , extensive use of azoles over the past 20 years has lead to resistance development in several pathogens of both medical (Hitchcok, 1993) and agricultural importance (De Waard, 1994) . One of the mechanisms proposed to operate in azole-resistant isolates of fungi is reduced accumulation of these fungicides in the mycelium (De Waard and Van Nistelrooy, 1980) . This reduction in accumulation has been attributed to an energy-dependent efflux mechanism mediated by ATP-binding cassette (ABC) transporters (Del Sorbo et al., 2000) .
ABC transporters utilise the energy derived from the hydrolysis of ATP to drive the transport of endogenous metabolites and exogenous toxic compounds over biological membranes. Overproduction of ABC transporters can generate multidrug-resistant (MDR) phenotypes since ABC transporters can transport a variety of cytotoxic drugs (Gottesman and Pastan, 1993) . Compounds able to modulate the activity of ABC transporters can reverse multidrug resistance, as they inhibit efflux of drugs from cells. Many compounds have been shown to directly interact with the multidrug transporter acting as competitive inhibitors of transport. Verapamil and quinidine are known to be members of this group (Ambudkar et al., 1999) . Compounds such as respiration inhibitors that are able to block the generation of ATP in cells may also decrease the activity of ABC transporters. Indeed, synergistic activity between certain azole fungicides and respiration inhibitors such as m-chlorophenylhydrazone (CCCP), oligomycin, and dicyclohexylcarbodiimide has been reported (De Waard and Van Nistelrooy, 1982, 1984a,b) . Strobilurins are natural antibiotics that inhibit mitochondrial respiration by blocking electron transfer at the cytochrome-bc1 complex (complex III) (Becker et al., 1981) . Derivatives of strobilurins such as kresoxim-methyl have been developed as commercial fungicides and used either alone or in mixtures with other fungicides (Sauter et al., 1999) .
This study describes the activity of the azole fungicides propiconazole and cyproconazole, either alone or in mixtures with the ABC transporter modulators rhodamine 6G, quercetin, quinidine and verapamil and the strobilurin fungicide kresoxim-methyl. Interactions between the compounds were determined on activity against spore germination and germ tube growth of M. graminicola according to the methods of Colby (1967) and Wadley (1945 Wadley ( , 1967 .
Materials and Methods

Fungus
Leaves displaying symptoms of septoria tritici leaf blotch were collected from an experimental wheat field in Wageningen, The Netherlands. Pycnidiospores of M. graminicola were isolated from pycnidia of infected leaf segments. These were attached to a glass slide and placed on the bottom of a Petri dish fitted with filter paper saturated with sterile tap water. After formation of oozing drops on top of the pycnidia, an aqueous suspension of pycnidiospores was prepared by vortexing the leaves in a test tube containing 5 ml of sterile tap water. The concentration of the spore suspension was determined with a 'Coulter Ò Z Series' particle counter (Coulter Corporation, Florida USA) and adjusted to 10 5 spores ml -1 .
Chemicals
The chemicals used in this study were the azole fungicides propiconazole and cyproconazole (Syngenta Crop Protection AG, Basel, Switzerland), the strobilurin fungicide kresoxim-methyl (BASF AG, Ludwigshafen, Germany) and the ABC-transporter modulators rhodamine 6G, quercetin, quinidine, and verapamil (Sigma Chemical Company, St. Luis, Missouri, USA 
Spore germination test
The activity of the compounds as sole ingredients and in mixtures on germination of pycnidiospores of M. graminicola was assessed in spore germination tests. Stocks of 100x concentrated solutions of the compounds were prepared in methanol. Media amended with these compounds were produced by adding aliquots from the stock solutions. The final concentration of methanol in the medium was 1%. Agar with 1% methanol was used as a control. Spore suspensions (100 ll) were transferred to Petri dishes (9 cm) containing media (20 ml) amended with the test compounds at different concentrations. The antibiotic streptomycin sulfate (50 mg l -1 ) was added to all plates to prevent bacterial growth. The spores were spread over the medium surface with a glass rod and the dishes were stored in an incubator at 18°C in the dark. At the end of the incubation period all dishes were stored at 4°C. Germination rates and length of germ tubes formed, both as an elongation of the apical cells and as buds from the intermediate cells (in between apical cells) of 100 counted spores, were assessed. Standard deviations of germination of pycnidiospores and germ tube growth were calculated and were less than 10 and 55% of the mean values, respectively.
Quantification of interactions
Interactions between fungicides in mixtures were analysed according to Colby (1967) using the formula E ¼ X A Y B /100 in which X A and Y B represent growth as a percentage of the control, with toxicant A used at dosage p and toxicant B used at dosage q, respectively. E is the expected growth as a percentage of the control for mixture A and B at dosages p and q. The observed response is obtained experimentally by comparing the activity of single compounds with mixtures containing the same rate of the constituents as applied singly. A deviation from the expected response as calculated from the level of interaction R between the expected and the observed response of the two compounds would indicate synergism or antagonism. The Wadley formula (1945 describes the theoretical response (EC 50 (th)) of a two-component mixture as EC 50 (th) ¼ (a + b)/(a/EC 50 (A) + b/EC 50 (B)), where A and B represent the two components, and a and b represent the ratio of the components in the mixture. The level of interaction R is calculated as R ¼ EC 50 (th)/EC 50 (obs), in which EC 50 (obs) is the observed EC 50 value of the specific mixture. By definition, in both formulas additive interactions are present if R ¼ 1, synergism occurs if R > 1 and antagonism occurs if R < 1. Due to the biological variability of the test systems, synergism is considered significant if R ‡ 1.5 and antagonism if R £ 0.5. Additive interactions are present when 0.5 < R > 1.5 (Gisi et al., 1985) .
Results
Germination of pycnidiospores on different media
Germination of pycnidiospores of M. graminicola was assessed on WA, PDA, YMA, CzD, and CzD + P media. On all media, germination became visible after 12-15 h of incubation and all pycnidiospores completed germination after 24 h of incubation ( Table 1 ). By that 314 STERGIOPOULOS and DE WAARD time, the multicellular pycnidiospores displayed germ tubes at the apical cells and yeast-like buds at the intermediate cells (Table 2) (Fig. 1B) . After 32 h of incubation, growth of the apical germ tubes and the yeast-like buds was still observed. After 24 h, bud formation on WA, and to a lesser extent on CzD, was (14) 40 (4) 24 (13) 85 (3) 21 (9) 59 (7) 28 (16) 95 (1) 25 (11) Apical germ tubes 83 (4) 47 (12) 96 (2) 67 (23) 74 (9) 41 (10) 100 (1) 84 (25) 95 (5) 50 (14) a PDA: potato dextrose agar, WA: water agar, YMA: yeast malt agar, CzD: Czapek-Dox, CzD+P: Czapek-Dox + peptone; b Percentage of germination (standard deviation); c Average length of 100 measured apical germ tubes or buds (standard deviation).
less frequent as compared to the other media tested. Germination on WA and CzD mainly proceeded with apical germ tubes and hardly any buds were observed. The germination of pycnidiospores on these media was accompanied by the formation of relatively long apical germ tubes as compared to germination on the complex media ( Table 2) .
Activity of azole fungicides and test compounds
The activity of the compounds on spore germination (Table 3 ) and apical germ tube growth (Table 4) was assessed after 32 h of incubation on WA. EC 50 values of cyproconazole and propiconazole, as calculated from dose-response curves, were 0.1 and 0.01 mg l -1 , respectively, for both inhibition of spore germination and germ tube growth (results not shown). The ABCtransporter modulators hardly affected germination but some of them inhibited germ tube growth at the concentrations used. EC 50 values for quercetin, quinidine, rhodamine 6G, and verapamil for germ tube growth were approximately 100, 10, 1, and 10 mg l -1 , respectively (Table 4) . The strobilurin fungicide kresoxim-methyl was very active with EC 50 values for both germination and germ tube growth ranging between 0.01 and 0.003 mg l -1 (results not shown). This compound severely affected germination of pycnidiospores. Morphological alterations of the formed germ tubes caused by the activity of the compounds were markedly present. Upon treatment with the azole fungicides apical germ tubes became frequently branched and swollen. Kresoxim-methyl resulted in severely stunted germ tubes while rhodamine 6G induced swollen spores with shorter germ tubes (Fig. 1) . Table 3 Expected (Exp) and observed (Obs) germination (%) of pycnidiospores of Mycosphaerella graminicola on water agar amended with mixtures of test compounds after 32 h of incubation. The expected germination is calculated according to Colby (1967) Table 4 Expected (Exp) and observed (Obs) germ tube growth of pycnidiospores of Mycosphaerella graminicola on water agar amended with mixtures of test compounds after 32 h of incubation. The expected germ tube growth is calculated according to Colby (1967) (Table 3) . With regard to germ tube growth, interactions with ratios higher than 1.5 were observed for combinations of cyproconazole with verapamil and kresoxim-methyl (Table 4) , suggesting a synergistic interaction in these mixtures.
Interactions between cyproconazole and kresoxim-methylWadley
Interactions between cyproconazole and kresoxim-methyl on germ tube growth were analysed further according to Wadley. Three mixtures with different ratios of kresoxim-methyl were prepared. Doseresponse curves of the single compounds and of the mixtures were constructed and used to calculate EC 50 values (EC 50 (obs)) (results not shown). The EC 50 values of the single compounds were used to determine the theoretical EC 50 values (EC 50 (th)) of the mixtures. In all mixtures, EC 50 (obs) were higher than EC 50 (th). Interaction ratios ranged between 0.52 and 0.58 indicating additive effects between the compounds (Table 5) .
Discussion
WA proved to be an appropriate medium for germination tests with pycnidiospores of M. graminicola. All pycnidiospores germinated within 24 h of incubation and had comparable growth vigour. Growth of the apical germ tubes was still observed after 32 h of incubation and was comparable to that of the other media tested. After this time period, growth rates on complex media were higher than on WA. However, we selected WA for the toxicity studies since this medium minimises the possibility that components in the medium interact with the activity of the test compounds. In addition, spore germination on WA results in a preferential formation of apical germ tubes rather than the formation of branched hyphae as observed on rich media. Duncan and Howard (2000) have also reported similar observations previously. The azole fungicides tested were potent inhibitors of germination of pycnidiospores. The ABC-transporter modulators proved to be less active than the azole fungicides and affected only germ tube growth. Activity of azoles on spore germination is known to be speciesdependent. For example, spore germination of Cladosporium cucumerinum is hardly affected by several azoles (Buchenauer, 1977d) , while spore germination of other fungal species, such as Penicillium italicum and P. expansum is significantly inhibited by imazalil or etaconazole (Kerkenaar and Barug, 1984) . The morphological alterations caused by cyproconazole and propiconazole on germinating pycnidiospores resembles effects previously described for other fungal species such as C. cucumurinum (Sherald et al., 1973) , Monilinia fructigena (Kato et al., 1975) , and Botrytis cinerea (Kato et al., 1980) . These alterations are ascribed to depletion of ergosterol and accumulation of C14-methyl sterol intermediates. Kresoxim-methyl was found to be an extremely potent inhibitor of germination of pycnidiospores. This observation is in agreement with reports from literature, describing strobilurins as inhibitors of spore germination. For many fungi, inhibition of spore germination occurred at considerably lower concentrations than those required for inhibition of mycelial growth (Sauter et al., 1995) .
Interactions of test compounds in mixtures were estimated according to Colby (1967) . The Colby formula is a simple mathematical model, representing an easy and quick way to determine the interactions between two compounds with a different mode of action. With respect to spore germination, only additive interactions in mixtures of the azole fungicides and the ABC transporter modulators or kresoxim-methyl could be observed. With regard to germ tube growth, combinations of cyproconazole and verapamil or kresoxim-methyl had a synergistic activity. Mixtures with kresoxim-methyl showed the clearest effect. Therefore, this combination was further examined according to the Wadley formula which has been proposed as a more accurate way to investigate interactions in mixtures (Wadley, 1967) . Our results indicate that mixtures containing different ratios of cyproconazole and kresoxim-methyl displayed only additive effects. Hence, calculations through the Colby and Wadley methods do not support each other. Perhaps the Colby method overestimates the interactions between two compounds in a mixture. For this reason this method has been subjected to serious criticism (Morse, 1978; Nash, 1981) . Still, this method is frequently used as a quick way to evaluate interactions between two components in a mixture.
Although our results indicate that according to Wadley, no synergism occurred between the azole fungicides and the modulators tested, it does not mean that this phenomenon is absent in all cases. The occurrence of synergistic interactions between compounds can be highly dependent on the fungal strains and mixtures used. For instance, synergism between ABC transporter modulators and other compounds is more likely for MDR strains of a pathogen rather than for more sensitive strains. Hence, strains that overexpress ABC transporters and accumulate less drugs than wild-type strains would be interesting for further studies (Ford, 1990) . For example, the newly-characterised immunosuppressant tacrolimus strongly synergised the effect of azole antifungal agents against azoleresistant strains of Candida albicans (Maesaki et al., 1998) . However, in the same experiments, synergistic effects were not observed with an azole-sensitive isolate. Other respiration inhibitors or MDR modulators such Table 5 Expected and observed germ tube growth of pycnidispores of Mycosphaerella graminicola on water agar amended with cyproconazole and kresoxim-methyl and with their mixtures in different rations after 32 h of incubation. The expected germ tube growth is calculated according to Wadley (1945 Wadley ( , 1967 Mixtures of compounds (Cornwell et al., 1986; Cornwell et al., 1987; Akiyama et al., 1988) . The inhibitory effect of the triazole fungicides propiconazole and tebuconazole on spore germination of B. cinerea was strongly synergised by sublethal doses of ABC transporter modulators, such as bis-benzimide, rhodamine 6G, N-ethylmaleimide, and quercetin, but not by daunomycin and quinidine (Del Sorbo et al., 1998) . Thus, the search for ABC-transporter modulators that synergise the activity of fungicides to M. graminicola should continue, as it could lead to new and innovative disease control methods. For example, combined application of synthetic or natural fungicides with selected nontoxic ABC transporter modulators could result in reduced dose rates of the chemicals used for control of plant diseases.
